ABSTRACT Partial digestion of rat liver nuclei with staphylococcal nuclease results in the liberation of nucleoprotein complexes consisting of one or more v bodies. By velocity centrifugation we have isolated the monomeric subunit in relatively pure form. We find that this subunit contains 185 base pairs of DNA and 240,000 daltons of protein, resulting in a protein to DNA ratio identical to that of unperturbed chromatin. The isolated monomeric particle is further susceptible to internal nuclease attack resulting in the solubilization of 46% of the monomeric DNA. Analysis of the resistant DNA reveals a complex but highly reproducible pattern of DNA fragments ranging from 160 to 60 base pairs in length. Analysis of the reassociation kinetics of the isolated subunit DNA reveals that most, if not all genomic sequences, are involved in this basic subunit structure. No special frequency class of DNA is absent from v bodies. Furthermore, virtually all liver sequences transcribed into mRNA are present in v body DNA. These results indicate that v body formation may be random with respect to DNA sequence and suggest that the mere presence of v bodies over a specific regioni of DNA is not sufficient to restrict its transcription.
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Over the past year an experimentally consistent model of chromatin structure has emerged which postulates the presence of regularly repeating nucleoprotein subunits joined by short segments of DNA. Biochemical evidence for a periodic protein-DNA complex was initially introduced by Hewish and Burgoyne (1) and subsequently confirmed in several laboratories (2) (3) (4) (5) (6) . These data demonstrate that mild nuclease digestion of nuclei results in the liberation of a series of nucleoprotein particles, v bodies, containing DNA fragments whose molecular weights are all multiples of a unit fragment 150-200 base pairs in length. Subsequent studies (4, 5, 7, 8) have revealed that the v body represents a transient intermediate in the digestion process and that cleavage of DNA within the P body results in the generation of a true limit digest reflecting the internal structure of the monomeric subunit.
Electron microscopic observations (9, 10) are in accord with the biochemical data and reveal the existence of spherical nucleoprotein particles which are joined by a short filament of DNA. These particles can be observed closely apposed to one another in gently disrupted nuclei, providing convincing evidence that these nucleoprotein particles reflect a level of structure characteristic of the chromatin fiber in vio.
The elucidation of a subunit structure in chromatin immediately poses the question as to the possible role of this structure in those biological processes in which chromatin participates. In this report we describe procedures for the isolation and characterization of highly purified v bodies.
We find that most if not all of the DNA sequences in the genome are involved in the formation of these particles. No specific frequency class of DNA is restricted from particle formation. Further, virtually all sequences expressed as mRNA in liver appear to be present within the DNA of isolated v bodies. The template active portion of the genome is therefore not exempt from involvement in the basic repeating structure.
MATERIALS AND METHODS
Nuclease Digestion of Chromatin, Nuclei, and Monomer. Nuclei were obtained from rat livers by homogenization and washing with sucrose-triton buffers (11) . Chromatin was obtained from intact nuclei by a stepwise reduction in ionic strength (11 Gel Electrophoresis. Electrophoresis of DNA was performed in either 3 or 6% polyacrylamide slab gels. Three percent gels were supplemented with 0.5% agarose to provide greater support. The buffer system employed was that described by Peacock and Dingman (12) , and the electrophoresis was carried out at 200 V on a 17 cm cooled slab gel. Gels were stained overnight in. "Stains-all" (Eastman), 0.005% in 50% formamide, destained in water, and photographed.
Preparation of DNA. Total rat liver DNA was prepared from isolated nuclei as described (11 (20 jCi/ml). DNA prepared in this way had a specific activity of 40,000 cpm/jg. Synthesis of cDNA. mRNA that contained poly(A) was prepared from purified rat liver polysomes as previously described (13) . Globin 9S mRNA was purified from duck reticulocyte polyribosomes by oligo(dT) cellulose chromatography and sucrose gradient centrifugation.
[3H]DNA copies complementary to rat liver mRNA and duck globin mRNA were synthesized with RNA-dependent DNA-polymerase purified from avian myeloblastosis virus (14) (15) (16) .
Annealings. Annealings were performed in 1 mM Tris-HCI at pH 7.9, 0.1 mM EDTA, 0.4 M NaCl at 690 under paraffin oil. Aliquots were removed and diluted in 0.5 ml of 0.03 M NaAc at pH 4.5, 0.12 M NaCl, 1.2 X 10-4 M ZnSO4; 0.25 ml was immediately precipitated with trichloroacetic acid and the other half was incubated at 370 for 1 hr in the presence of Si nuclease. The amount of radioactive DNA resistant to digestion was determined by trichloroacetic acid precipitation. RESULTS
Isolation and characterization of purified v bodies
Characterization of the basic repeat unit of chromatin requires that we isolate the monomeric particle in relatively pure form. Early in the digestion of intact nuclei with the enzyme staphylococcal nuclease, a series of nucleoprotein fragments is liberated. The fragments are multimeric complexes consisting of one or more v bodies. These structures are readily separable from one another by sucrose gradient velocity centrifugation (2, 5) . When rat liver nuclei are partially digested with nuclease and the resulting fragments sedimented in sucrose gradients, the profile shown in Fig.  1A is obtained. This pattern results from only 4% digestion of nuclear DNA and reveals at least five absorbance peaks. Identification of these peaks as multimeric forms of a basic monomeric nucleoprotein fragment requires that we examine the DNA within each complex. To this end, fractions were pooled from the regions of the gradient labeled I-V and the DNA was freed of its associated protein. This DNA was then analyzed by electrophoresis on 3% composite agarose-acrylamide gels (Fig. 2) . A broad band is observed in peak 1 (185 base pairs in length), thus this peak is defined as the monomeric subunit. In addition, this peak reveals a minor component that is 160 base pairs long, which represents the initial degradation product of the v body. Peak II contains dimeric DNA that is 360 base pairs in length but is still grossly contaminated by the monomeric particle. Fractions III, IV, and V reveal the appearance of additional DNA bands of 550, 730, and 920 base pairs in length. Gels were calibrated by electrophoresis and autoradiography of [t32P]DNA fragments obtained by Hin -restriction endonuclease cleavage of X DNA (kindly provided by Dr. Tom Maniatis). Although these fractions are poorly resolved from one another, these data still allow us to identify tentatively each of the nucleoprotein peaks as multimeric forms of the basic subunit reflected in peak I.
It should be noted that the profile shown in Fig. 1 The DNA resulting from limit digestion of either rat liver chromatin or isolated v bodies was analyzed by 6% polyacrylamide gel electrophoresis (Fig. 3, insert) An obvious approach to this problem simply involves probing v body DNA by molecular hybridization for those sequences present as mRNA in the liver cell. mRNA that contains poly(A) was therefore purified from liver polyribosomes and cDNA copies of this RNA were synthesized with reverse transcriptase isolated from avian myeloblastosis virus (14) (15) (16) . This cDNA was then used as a probe in annealing reactions to detect the presence of expressed sequences in total and monomeric DNA. The kinetics of annealing of highly radioactive cDNA to these two populations of DNA is shown in Fig. 5 . The annealing curves for both DNAs are quite similar. The reaction reaches saturation with 85% of the cDNA involved in duplex formation. This indicates that virtually all of the transcribed sequences reflected in cDNA are present within the basic chromatin subunit. From the kinetics of annealing we observe that most of the sequences in cDNA are transcribed by the unique sequences of the genome. About 10% of the cDNA has annealed to more highly reiterated DNA, a finding consistent with recent work from other laboratories (21 From the number and sizes of the DNA fragments obtained upon limit digestion of monomeric subunits, it is I probable that more than one repeating subunit exists (7, 8) .
This heterogeneity may be generated by different arrangements of histones or groups of histones along the DNA or by various conformations of a fixed complement of histones. Alternatively, the heterogeneity may result from the association of acidic proteins with individual v bodies.
The reassociation of radioactive total nuclear DNA to DNA from isolated v bodies demonstrates that virtually all genomic sequences are involved in the repeat structure. No specific frequency class of DNA seems to be deleted from the v body. Furthermore, preliminary studies in our laboratory indicate that satellite sequences are present in mouse liver v bodies in relative concentrations identical to that of total DNA. These results are consistent with earlier observations that at least 80% of the nuclear DNA can be isolated as monomer after short periods of digestion (2, 4, 5) . These data suggest that no long special sequence of nucleotides is required for v body formation and that the distribution of v bodies may be random with respect to DNA sequence. This is in accord with our previous experiments demonstrating that equivalent limit digest patterns can be generated from reconstituted nucleoprotein by either eukaryqtic, bacterial, or phage DNA (7) . In addition, studies on the complexity of this resistant DNA reveal that the entire genome is represented in this "covered" DNA fraction, further suggesting the random arrangement of histone with the vast majority of genomic DNA (25) .
Perhaps more revealing are the annealing studies with cDNA which demonstrate that the frequency of sequences transcribed as mRNA are the same in v body and total nuclear DNA. This is true as well for the globin genes in monomeric subunits from avian reticulocytes. The template active regions of the genome therefore participate in the basic repeat structure characteristic of chromatin.
If some of the proteins of chromatin do act as transcriptional control factors, then we would expect that proteins must exist which are capable of recognizing specific regulatory sites within the chromosome. Our results suggest that 40% of the monomeric protein is non-histone. Since the repeating subunit structure can be reconstituted with DNA and histones alone (7, 10) 
